CoO nanocrystals were prepared by solvothermal processing of Co 2-ethylhexanoate in oleylamine at 250 °C. The obtained products, identified as CoO by X-ray diffraction, had an octahedral shape, as seen by transmission electron microscopy, reflecting the cubic symmetry of the CoO crystallographic phase.
Introduction
Carboxylate compounds like metal oleates are very well established precursors for the synthesis of metal oxide nanocrystals. [1] On the other hand, metal 2-ethylhexanoates are metalorganic compounds widely used as catalysts in many polymerization reactions, [2] but their use for the synthesis of metal oxide nanocrystals is much less exploited. Starting from the consideration that the metal-oxygen bond is already present in the 2-ethylhexanoate structure, as in metal oleates (and in other compounds like, for instance, metal nitrates [3] ) we succeeded in synthesizing ZnO and SnO 2 nanocrystals by the decomposition of the related 2-ethylhexanoates in high-boiling amines. [4] Moreover, the same precursor was effective for the deposition of SnO 2 thin films. [5] Photo-decomposition of 2-ethylhexanoates has also been demonstrated to be applicable for preparing thin films [6] or nanoparticles. [7] This class of precursors hence seemed very versatile, and their presence for a large number of elements, coupled with low cost, air stability and low toxicity suggested to further explore their generality as metal oxide precursors. In fact, as stated above, there are still few works where they are exploited in such a way:
these include intermetallic PtPb nanoparticles prepared by using lead(II) 2-ethylhexanoate, [8] CeO 2 and SnO 2 self-capped nanocrystals; [9] MoO 3 nanoparticles; [10] colloidal In-doped ZnO nanocrystals, [11] kersterite nanocrystals. [12] Extending this class of precursors, then, is of interest for the many underlined practical advantages, but also from a fundamental point of view, for enlarging the body of knowledge related to nanochemistry precursors. In this work, we show the successful synthesis of CoO nanooctahedra by decomposition of Co 2-ethylhexanoate in oleylamine. The phase stability of the nanostructures was also investigated, showing that at 400 °C phase transformation to Co 3 O 4 took place.
Moreover, both CoO and Co 3 O 4 are of remarkable interest for their fundamental physical properties and for many applications related, for instance, to energy storage [13] . In this sense, it is of further interest the availability of readily synthesized nanocrystals, with a simple and low temperature procedure that extends the range of existing approaches like molten salt [14] , and combustion synthesis, together with 4 other colloidal syntheses discussed below. The resulting materials were used for processing gas-sensing devices.
Materials and methods
In a typical synthesis, 1 g of Co 2-ethylhexanoate (65% in mineral spirits, Strem Chemicals. In the following it will be denoted as CoEtEs 2 ) was dissolved into 10 mL of n-oleylamine (OAm, 70%, SigmaAldrich) in a 16 ml glass vial. Then the vial was placed into a 45 mL steel autoclave (Parr), and the autoclave heated up to 250 °C into a muffle furnace, at a rate of 5 °C/min, and kept for 2 h at such temperature. After cooling, the product was extracted with methanol, washed with acetone and dried at 90 °C. A dark-brownish powder was obtained (this sample in the following will be referred to as "dried"
or "as-prepared"). The powders were heat-treated at 400 °C for 1 h in air atmosphere for thermal and phase stabilization before sensing device processing. Samples were also heat-treated at 105 °C and 305 °C for 15 min, for investigating the sample evolution during the thermal treatment.
X-ray diffraction (XRD) was carried out with a Panalytical X'Pert PRO-MPD diffractometer working with the Cu Kα radiation (λ= 1.5406Å) using a Bragg-Brentano geometry. Rietveld refinement of the XRD patterns was carried out with the Maud software. [15] Fourier Transform Infrared (FTIR) measurements were carried out with a Nicolet 6700 spectrometer in diffuse reflectance setup, after dispersing the sample powders in KBr.
Thermal analyses were carried out in a thermal balance model SDT Q-600 from TA instruments under air flow of 100 mL/min and thermal ramp of Brunauer−Emmett−Teller (BET) single point specific surface area measurement on the sample heated in air at 400 °C was performed with an Autochem II 2920 Micrometrics, equipped with a TCD detector.
Before measurement the sample was outgassed at 300 °C for 2 h under He flow.
The gas-sensing device was prepared out of the 400 °C pre-heated powder. A suspension of this powder and isopropanol was drop-coated onto an alumina substrate (25.4 mm × 4.2 mm × 0.6 mm), which was provided with interdigitated Pt-electrodes for resistance read-out on the front side and a Pt-heater for temperature control on the back side. During the drop-coating process the substrate was placed on a hot plate and heated to about 60 °C. Afterwards it was annealed in a four zone moving belt oven at 400 °C.
The gas sensing tests were done by measuring the resistance changes of the obtained gas sensor with a The sensor response was defined as R gas -R 0 /R 0 , where R 0 was the sensor baseline electrical resistance in synthetic air and R gas indicated the sensor electrical resistance after equilibration in the target gas.
Results and Discussion
The as-prepared synthesis product was first analyzed by XRD. The related pattern is shown in Figure 1 , where only the reflections of CoO in the cubic crystallographic phase were found (JCPDS card 43-1004). In particular, the intensity ratio between the (111) and (200) [ 16] The structure and morphology of the as-prepared CoO nanocrystals were investigated by HRTEM and ADF STEM combined with EELS SI. facets, as shown in the 3D atomic models on the bottom of the figure. 3D atomic models of the nanoparticles were constructed using the Rhodius software [17] , which has been demonstrated to be very successful in the modeling of complex nanostructures [18] . These results are in agreement with the peak intensity ratios observed in the XRD pattern of Figure 1 .
It is remarkable the effect of the heat-treatment at 400 °C on the starting CoO nanocrystals. As discussed below, this temperature was sufficient for OAm removal, so aggregation of the nanoparticles was expected. Moreover, the stoichiometry change and the remarkable lattice parameter increase (almost /g obtained by urea combustion method, [16] 65 m 2 /g by complex decomposition, [19] 82 m 2 / g by spray pyrolysis [20] , just to name a few. Only Co 3 O 4 nanorods, but prepared at lower temperature (300 °C) displayed much higher area (232 m 2 /g). [21] The focus on the phase stability of the nanoparticles was necessary since sensing devices, which were the initial application aim, need high temperature pretreatment for chemical, thermal and electrical stabilization before being operated. In particular, any organic residual should be removed from the sample. For this reason, DSC/TG measurements were carried out for selecting the proper heat-treatment temperature which, as shown above, resulted to be 400 °C. (Figure 1) , with remarkable peak narrowing due to the high temperature sintering. It is interesting to observe that the sample heated at 900 °C, as observed by SEM (see the Supporting Information), displayed some structures again resembling the cubic structure of CoO, despite at a much larger size imposed by high temperature.
The sample evolution could be confirmed by FTIR investigation, which also provided further insight in the material formation pathways. The spectra recorded in various steps of the synthesis process are reported in Figure 6 , together with those of Co(EtEs) 2 and OAm. In the dried CoO nanocrystals, it is possible first of all to observe an intense and broad band below 3500 cm -1 , with a structure typical of the overlap of several OH moieties. Since the synthesis is nonaqueous, it could be speculated that the nanocrystal formation proceeds through the condensation of Co-OH bonds, but the reaction between OAm and the Co(EtEs) 2 will require specific investigation for being identified.
It will be worth mentioning that reaction with oleic acid only provided a small amount of a waxy material. More interestingly, the investigation of the sample composition offers hints about synergistic effect of OAm and 2-ethylhexanoto ligands in the synthesis of the final CoO nanocrystals. OAm has been used in reaction with Co(acac) 3 [22] in two different works, yielding CoO but without the clear shape obtained in the present work. Different shapes were obtained by the decomposition of cobalt oleate in presence of oleic acid. [23] Cobalt acetate decomposition in OAm only provided elemental Co nanocrystals, while large CoO octahedral were obtained in a mixture of OAm and oleic acid. In this case, the role of OAm was recognized as that of a reducing agent. Decomposition of Co(acac) 2 required a mixture of oleic acid, OAm and cethyltrimethylammonium bromide for getting octahedral nanocrystals. In earlier studies, decomposition of Co(acac) 3 in oleylamine had been used, with different shapes of the final CoO nanocrystals.
[24]
Coming to the present study, in the as-prepared sample the  (NH 2 ) at about 3300 cm is not indicative since it receives a contribution even from any 2-ethylhexanoate residual. On the other hand, the OAm signal is quite weak, and suggests that its bonding to the CoO surface is not strong enough to survive the washing steps. In fact, the mass loss in the thermal analysis associated with oleylamine desorption (about 2%, see Figure 5 ) was very limited . An important feature is a couple of new bands at about 1542 and 1412 cm -1 . These bands, due to asymmetric and symmetric carboxylate stretching modes, respectively, are typical of the coordination of a carboxylic acid to a metal ion. [25] They are accompanied by the disappearance of the carbonyl band of the free acid at about 1740 cm -1 . In fact, the spectrum of the Co precursor contained a band at 1740 cm -1 which was no more observed in the dried sample. Moreover, in the 2-ethylhexanoate molecule itself, we already had the carboxylate ions. From the 130 cm -1 value of the separation between the carboxylate stretching modes, we can deduce that the bonding is of chelating type. [25] [26] Summarizing: The CoO surface is coordinated with OAm and 2-ethylhexanoato moieties, the latter in chelating configuration,l but the OAm bonding to the nanocrystal surface is weak and can be easily substituted, during the growth, by the 2-ethylhexanoato ligands generated by Co(EtEs) 2 . The dynamic interplay between the two ligands originates the peculiar shape of the nanocrystals. By "peculiar" we do not mean that it is an unexpected shape, being closely related to the crystal symmetry of CoO, but that the combination of the two ligands is tuned in such a way to provide the proper kinetic control over the growth, allowing such stable crystallographic habit to emerge. The spectra for 105 °C and 305 °C, soon before and after the intense exothermic peak discussed in Figure 5 , confirm the interpretation of the thermal analysis data. After heating at 105 °C, the IR signal is identical to the as-prepared sample, since the exothermic phenomena have not begun yet. Instead, at 305 °C, after the peak completion, the IR signal drastically changed in the region characterized by OAm and 2-ethylhexanoate modes. This result confirms that the exothermic peak was due to organics desorption/decomposition. It will be noted that the intense peaks around 1500 13 cm -1
were substituted by broad and weak bands, showing that some species are still present. They could be partly responsible for the slightly mass decrease at high temperatures observed in Figure 5 . After 400
°C, no signals were observed apart for OH, water and typical oxide modes at low wavenumbers, indicating complete thermal and chemical stabilization of the material. The gas sensing properties of the prepared sensor was evaluated towards three different gases (CH 4 , CO, and EtOH). The raw resistance data of the measurement are plotted in Figure 7 , showing typical p-type behavior through resistance increase during exposure to reducing gases. The corresponding response data are reported in The comparison is more useful is the related operating temperatures are considered. While in literature they are easily higher than 200 °C [29] and up to 300 °C, [30] in our case the highest response was observed at 100 °C and not at higher temperatures, indicating 14 that the Co 3 O 4 prepared by this procedure is suitable for low temperature gas detection. This result compensates the relatively low responses obtained. The lowered response to CH 4 and CO in humid air indicates that these gases are competing with H 2 O for the same adsorption sites more than EtOH. Table 1 : Response data at operating temperature of 100 °C calculated from the curves in Figure 7 Test Gas Response Response Response 
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